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Abstract: Aperture based scanning near field optical microscopes are
important instruments to study light at the nanoscale and to understand
the optical functionality of photonic nanostructures. In general, a detected
image is affected by both, the transverse electric and magnetic field com-
ponents of light. The discrimination of the individual field components is
challenging, as these four field components are contained within two signals
in the case of a polarization-resolved measurement. Here, we develop a
methodology to solve the inverse imaging problem and to retrieve the vecto-
rial field components from polarization- and phase-resolved measurements.
Our methodology relies on the discussion of the image formation process
in aperture based scanning near field optical microscopes. On this basis, we
are also able to explain how the relative contributions of the electric and
magnetic field components within detected images depend on the probe
geometry, its material composition, and the illumination wavelength. This
allows to design probes that are dominantly sensitive either to the electric
or magnetic field components of light.
© 2018 Optical Society of America
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1. Introduction
In nano-optics, the domain of research that deals with the interaction of light with objects having
a critical length scale in the order of a few up to hundreds of nanometers, the optical near field is
a key quantity. Only in the near field the fraction of the angular spectrum that is associated with
evanescent waves has a notable amplitude. These evanescent field components carry the high
spatial frequency information of the underlying electro-magnetic field. Experimental access
to the near fields, therefore, is often important to understand the interplay between photonic
nanostructures and an incident light field. This triggered the development of scanning near
field optical microscopes (SNOM). These instruments rely on the perturbation of the near field
by a sharp tip. Roughly spoken, in this scattering process evanescent waves are converted to
propagating waves that can be detected by classical instruments in the far field. This basic idea
led to different instrumental implementations.
In an apertureless (also called scattering) SNOM, a tip with an apex size of several nanome-
ters scatters the light from the near into the far field [1, 2, 3, 4]. Alternatively, more compact
devices that base on an aperture version of the SNOM were developed. There, a tapered waveg-
uide is covered with a metallic film. A small opening at the apex locally collects the light.
For such aperture SNOM, which we study in this contribution, it was predicted and proven
that detected signals are influenced by both the transverse electric and magnetic field compo-
nents [5, 6, 7, 8, 9]. Depending on the measurement configuration, a detected signal can be
influenced dominantly by either the transverse electric, magnetic, or both field components
[10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 5, 20, 21, 22, 23, 24, 14, 6, 7].
Here, we discuss in detail the properties that lead to the dominant detection of either the
electric or the magnetic field components. We prove that the geometry and the material com-
position of the probe at the measurement wavelength strongly affect which field-component is
eventually measured. These insights provide indications for aperture-SNOM probes that mea-
sure dominantly the electric or the magnetic field components. Exemplarily, we study a specific
probe coated by either gold or aluminum that possess a dominant sensitivity to either the mag-
netic or electric field components, respectively.
Based on the discussion of the image formation process, we outline a methodology to solve
the inverse imaging problem. By relying on a polarization- and phase-resolved measurement,
being available with the current state-of-the-art [25, 5, 6, 17, 14, 26, 18], two distinct signals
are gathered. These two signals correspond to the complex amplitudes of two orthogonally po-
larised modes of the fiber that transmit the signal to the far field. These two complex signals,
in general, are influenced by four complex quantities, namely the transverse in-plane electric
and magnetic field components. The coupling of these field components in the process of col-
lecting the signal by the probe and their simultaneous contribution to the two measurement
signals makes it challenging to directly compare measured images in the two signals to any of
the components of the field to be measured.
It was proven already that with suitable a priori knowledge, the coupling can be resolved and
the information about the investigated field components in a detected image can be decrypted
[5, 6, 7, 27, 28]. This a priori knowledge concerns either information on the structural sym-
metries, the collection properties of the probe, or knowledge about the investigated field com-
ponents. The distinction without a priori knowledge is much more challenging. Nonetheless,
the necessity to have such image reconstruction ability available was mentioned just recently
in a review as an important open issue [7]. To solve this issue, we provide here a methodol-
ogy to resolve the coupling and therewith provide the ability to reconstruct the entire vectorial
electro-magnetic field information from polarization and phase resolved measurements without
any prior knowledge.
Our results reside on the theoretical discussion of the image formation process in aperture
based scanning near field optical microscopy. In particular, we discuss the coupling process
of the field components to be detected with the eigenmodes sustained by the aperture of the
SNOM-tip. The SNOM-tip is treated as a metal coated fiber. Hence, this approach is in close
analogy to coupling problems studied in the context of classical fiber optics and provides a
slightly alternative description when compared to the pioneering works presented in the past
[29, 9, 30, 31, 8]. Our approach can be viewed as a special case of the general description
provided within the early theories. The advantage of our treatment relies in the simple interpre-
tation of measured quantities. This permits to identify the eigenmodes supported by the aperture
as the coherent vectorial point-spread-functions of the aperture SNOM. Analysing these eigen-
modes provides insights into the image formation process. We stress that the properties of the
eigenmodes, depending on the geometry and the material composition of the tip, will have a
strong impact on the image formation process. In particular, probes can be engineered to be
sensitive to either the transverse electric or the magnetic components of the investigated field.
The paper is divided into two parts. In Section 2 the image formation and especially
the conditions leading to the dominant detection of either the electric or the magnetic field
components will be discussed. In Sec. 3 we focus on polarization and phase resolved measure-
ments obtained by a heterodyne detection scheme and discuss the methodology to solve the
inverse imaging problem. We provide an algorithmic approach to retrieve the four in-plane
electro-magnetic field components from the two polarization- and phase-resolved measured
signals.
2. Properties of the image formation process
Understanding the coupling process of the investigated field, which carry structural information
about the sample, into propagative modes in the fiber taper is at the heart of the image formation
in an aperture SNOM. The corresponding probe consists of a tapered dielectric optical fiber
surrounded by a metal coating. In order to avoid any side coupling of light into the probe, the
thickness of the metal coating is much larger than the skin depth at the wavelengths of interest.
Fig. 1. Sketch of a typical probe used for aperture SNOM measurements in the visible
wavelength range. The investigated field incident on the probe excites the modes supported
by the aperture. The aperture should be understood as a metal coated fiber with the dimen-
sions of the apex of the tip. The complete coupling process of the externally investigated
field into the probe takes place only via the aperture, since the 200 nm thick metal coating
prohibits any side coupling of light into the probe.
A subwavelength aperture is milled at the end of this taper (see Fig. 1). Due to the thick metal
coating the coupling process of the investigated field into the tapered fiber occurs only via the
aperture at the end of the taper. This suggests that the aperture itself can be understood as the
converter for the near into far fields that are guided by a fiber to the detector. To model the
coupling process between the investigated field and the aperture at the apex of the SNOM tip,
we treat the aperture as a cylindrical waveguide and calculate its eigenmodes. The excitation
process of these modes by the external field to be investigated, reveals all crucial information
about the detected images. The derivation of the mathematical description of this excitation
process is presented within Appendix A and is in close analogy to the early and pioneering
works [29, 9, 30, 31, 8].
Due to the deep subwavelength size of the aperture, it supports only two propagative modes.
With z as the principal propagation direction, these are the mainly x- and y-polarized states of
the generalized HE11 - modes in the aperture (see Fig. 2) [32, 33]. The excitation coefficients tx,
ty according to the forward propagating (+) fundamental x− and y− polarized modes e+1,2(x,y)
and h+1,2(x,y) stimulated by an external field can be calculated (see Appendix A for details) as
tx(x,y) =
∫
R2
[e−1 (x˜− x, y˜− y)×H(x˜, y˜)−E(x˜, y˜)×h−1 (x˜− x, y˜− y)]nz dx˜dy˜ , (1)
ty(x,y) =
∫
R2
[e−2 (x˜− x, y˜− y)×H(x˜, y˜)−E(x˜, y˜)×h−2 (x˜− x, y˜− y)]nz dx˜dy˜ .
Here, E(x˜, y˜) and H(x˜, y˜) correspond to the time harmonic electro-magnetic field components
of the investigated field in the plane z = 0 defined by the height of the aperture and (x,y)T
defines the position of the tip (see Fig. 1). The time resolved harmonic fields depending on the
frequency ω are given by E (x,y,z = 0, t) = E(x,y)e−iω t andH (x,y,z = 0, t) = H(x,y)e−iω t .
Consequently a detected image is identified via the guided power of the modes supported by
the aperture [34]
I (x,y) = |tx(x,y)|2+ |ty(x,y)|2
=
∣∣∣∣∫
R2
[e−1 (x˜− x, y˜− y)×H(x˜, y˜)−E(x˜, y˜)×h−1 (x˜− x, y˜− y)]nz dx˜dy˜
∣∣∣∣2+ (2)∣∣∣∣∫
R2
[e−2 (x˜− x, y˜− y)×H(x˜, y˜)−E(x˜, y˜)×h−2 (x˜− x, y˜− y)]nz dx˜dy˜
∣∣∣∣2 .
This result is in analogy to the more general scenario presented in Refs. [9, 8]. Expressions
from these pioneering work are recovered if the eigenmodal-fields considered here are substi-
tuted with the reciprocal fields obtained by evaluating two scenarios fulfilling the requirements
of reciprocity. The theory developed in Refs. [9, 8] were successfully applied to explain SNOM
measurements [35, 5, 6, 36]. The advantage of our formulation above is the interpretation of
the eigenmodes sustained by the aperture as the coherent point-spread-function of the aperture
SNOM. Then, the result can be regarded in terms of classical microscopy under coherent illu-
mination, where the image is formed correspondingly as the convolution between the coherent
point-spread function and the field of the investigated structure of interest in the case of an
isoplanatic condition [37, 38]. However, in contrast to classical microscopy, the point spread
function in aperture based SNOM is vectorial, encoding not only electric but also magnetic
field components in a detected image. From the expression above it becomes evident that the
dominant influence of either the electric or the magnetic field components in a detected image
not only depends on the investigated field but also on the electro-magnetic properties of the two
modes accessible in the aperture.
The further distinction of individual field components contributing to a detected image in
Eqn. 2 is impossible, in general, due to the encryption through the convolution process. To get a
deeper insight into the relation between investigated field components and a detected image, we
treat the problem from now on in the quasi-static limit. In the quasi-static limit the investigated
field is assumed to be constant across the aperture. The advantage of this approximation is
the ability to derive semi-analytical expressions for the measured intensity. They enable the
identification of the measured field components in a detected image. This treatment departs
the discussion of the image formation process in aperture SNOMs from its super-resolving
character. Nevertheless, these assumptions have a considerable practical impact, as aperture
SNOM’s are often used to study non-propagating field components, i.e. related to plasmonic
structures, where super-resolution is not necessarily required. Often in these cases fundamental
insights were gathered while comparing measured images with simulated field-distributions
of the investigated structure [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 5, 20, 21, 22, 23, 24, 14,
6, 7]. The ability to directly relate measured images with simulated field components led to
exceptional results, but is, in a strict sense, only possible within the validity of the quasi-static
limit.
While assuming the investigated field components to be constant across the aperture
(E(x˜, y˜) = E and H(x˜, y˜) = H), Eqn. 2 can be rewritten. The excitation strength correspond-
Fig. 2. Real part of the mainly x-polarized mode accessible in an aperture at a wavelength
of 663 nm. The magnetic field components were multiplied by the free-space impedance
|Z0|, for better comparability of the field magnitudes. The aperture is made of fused-silica
glass with a refractive index of n = 1.5 surrounded by a 200 nm thick gold coating. The ex
and hy fields have a mirror-symmetry with respect to both coordinate axes x and y, whereas
the ey and hx fields have an odd symmetry. The second accessible mode in the aperture is
the mainly y-polarized one, in which the symmetries are reversed compared to the mainly
x-polarized mode.
ing to the mainly x-polarized mode within the aperture is given by
tx(x,y) =
∫
[e−1 ×H−E×h−1 ]nz dx˜dy˜ ,
= Hy
∫
e−1x dx˜dy˜−Hx
∫
e−1ydx˜dy˜︸ ︷︷ ︸
=0
−Ex
∫
h−1y dx˜dy˜+Ey
∫
h−1x dx˜dy˜︸ ︷︷ ︸
= 0
, (3)
= Hy
∫
e−1x dx˜dy˜︸ ︷︷ ︸
e1x
−Ex
∫
h−1y dx˜dy˜︸ ︷︷ ︸
h1y
,
= Hy e1x − Ex h1y . (4)
In Eqn. 3 two integrals vanish due to the odd symmetry of the corresponding mode-components
(see Fig. 2). In a next step, the value h1y of the magnetic mode component of the mode in the
aperture is expressed by the value e1x of the electric mode component of the aperture
h1y = ZM
−1 e1x , (5)
ZM =
e1x
h1y
.
At this point, the mode impedance ZM has been introduced. It expresses the ratio between
the electric and magnetic mode components. By repeating the calculations for the mainly y-
polarized mode accessible in the aperture, assuming a cylindrical symmetry of the probe, a
final expression for the measured intensity can be derived that reads as
I = |tx|2+ |ty|2 ,
= |H⊥|2+ |ZM|−2|E⊥|2−2|ZM|−1|Ex||Hy|cos(φHy−φEx−φZM )
−2|ZM|−1|Hx||Ey|cos(φHx−φEy−φZM ) . (6)
Here φ denotes the phase values of the complex quantities. Proportionality constants were
neglected, since they have no qualitative influence on the image formation.
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Fig. 3. Spectrally resolved mode-impedance factor
∣∣∣ ZM(λ )Z0 ∣∣∣ for 2 commercially available
probes normalized by the free-space impedance Z0 = 376Ω. Both tips share the same geo-
metrical parameters, i.e. the aperture diameter is D = 150 nm, the core is made from fused
silica with n = 1.5, and the core is covered with a 200 nm thick metal coating. The tips
differ only by their coating-material. Both probes show resonances of the mode-impedance
in the visible wavelength range, which are slightly shifted against each other. The res-
onance of the gold coated tip lies in the range of commonly used wavelength for near
field measurements with such aperture diameters. In this regime, around λ = 650 nm, gold
coated probes tend to be much more sensitive to magnetic field components in a detected
image when compared to aluminum coated tips.
The result obtained in Eqn. 6 is one key finding of this work. The expression is applicable to
directly explain a possible measurement and provides insights into the properties of the image
formation process in aperture SNOMs. Specifically, two things become evident. On the one
hand longitudinal field components, namely |Ez| and |Hz|, cannot be detected. This is in agree-
ment with past results [10, 11, 23, 24, 20, 21, 13, 14, 15, 16, 17, 18]. Hence, the aperture SNOM
is a complementary technique to the cross-polarized scattering-type SNOM, where dominantly
|Ez| is measured [39, 24, 3, 2]. On the other hand, the mode impedance |ZM| influences the sen-
sitivity of the aperture SNOM to detect either electric or magnetic field components. Therefore,
it describes the impact of the probe itself on the measurement. This will be discussed in more
detail in the following.
Equation 6 has two individual contributions which are called the amplitude and the phase
term in the following. Since these parts influence a detected image differently, their properties
will be discussed individually. In a first step of discussion, the phase term will be neglected.
The amplitude term, |H⊥|2 + |ZM|−2|E⊥|2, generally expresses the possibility to measure
simultaneously the electric and magnetic field components. Their relative contribution is dic-
tated by the impedance of the mode sustained by the aperture of the tip. To analyse the rela-
tive ratio of electric and magnetic field components contributing to a detected image, the ratio
Γ = |ZM |
−2|E⊥|2
|H⊥|2
is evaluated. By replacing |E⊥||H⊥| with the transverse field impedance |Z⊥|, the
following result is obtained
Γ=
|Z⊥|2
|ZM|2
. (7)
This is the ratio between the investigated field- and the mode impedance that determines the
relative influence of the individual electric and magnetic field components in a detected image.
Since the mode impedance |ZM| depends on the geometry and the material of the tip, the
detection properties of an aperture SNOM are strongly influenced by the choice of the probe.
This is exemplified in Fig. 3, where the calculated spectrally resolved mode impedance ZM(λ )
is shown for commercially available gold and aluminum coated probes with an aperture diam-
eter D of D = 150 nm. The numerical analysis of the eigemodes guided in those apertures has
been done with COMSOL. It can be seen that both tips show strong resonances in the visible,
leading to spectral variations in their detection characteristics. While the resonance for the gold
coated probe lies at a wavelength of approximately λ ≈ 650 nm, the resonance for the aluminum
coated probe is shifted and lies at λ ≈ 470 nm. These resonances originate from the excitation
of localized surface plasmon polaritons in the aperture. This renders the tips not just sensitive
on the aperture diameter but also on the material. Tailoring these resonances allows to design
probes that are dominantly sensitive to either the electric or magnetic field components of light
in a specific spectral region. By using Babinet’s principle, the resonances of those apertures can
be linked in lowest order approximation to resonances of cylindrical metallic nanoparticles, for
which analytical means exist to predict the spectral position of the resonance [40, 41].
By assuming an electro-magnetic field with the impedance of free space Z0 = 376Ω to be
investigated at a wavelength of λ ≈ 650 nm, the image detected with the proposed gold coated
tip would then strongly be influenced by magnetic field components. It would be the opposite
for the aluminum coated tip, where a detected image would be dominated by electric field
components.
Generally, for arbitrary electro-magnetic fields the investigated field impedance |Z⊥(x,y)| is
a spatially varying quantity that depends on the local optical quantities of the measured field.
In a measurement, this behaviour causes a local variation of the dominant influence of either
the electric or the magnetic field components in a detected image. These behaviours already
have been investigated experimentally, where the relative information content in a measurement
related to electric and magnetic field parts was examined [5, 6, 7]. There it was shown that both
the explicit choice of a probe and the relative position on the sample changes the detection
characteristics. Here, we explain this experimental finding with Eqn. 7 as the local variation of
the impedances of the investigated field and the modes accessible in the aperture.
The ability to investigate electro-magnetic fields with spatially distinguishable electric and
magnetic field components is challenging, while strictly fulfilling the requirements of the quasi-
static limit. It requires the investigation of electro-magnetic fields for which the intensity related
to the time-averaged Poynting-Vector < S >= 12ℜ{E×H∗} is not proportional to the local
electric energy density |E|2 6∝< S >. Possibilities to investigate electro-magnetic fields with a
strongly distinguishable character of the individual electric- and magnetic components could
be done by evaluating strongly focused radially polarized fields or alternatively standing wave
patterns [42, 43].
Additionally, an unexpected influence on a measurement can be caused by the phase term
2|ZM|−1|Ex||Hy|cos(φHy − φEx − φZM ) + 2|ZM|−1|Hx||Ey|cos(φHx − φEy − φZM ) contributing
within the image formation process. Here, phase differences between the local electric and mag-
netic field components influence a measurement. This effect can lead to unexpected influences
in a detected image, making them difficult to interpret. However, for the investigated fields E,H
which additionally obey a slowly varying envelope approximation SVEA, the phase differences
(φHy−φEx−φZM ) and (φHx−φEy−φZM ) remain approximately constant across the scanning
area. The phase term then affects a detected image only by a decrease in contrast. Although this
seems to be a restriction, it actually constitutes to be valid in many practical situations, as, to
the best of our knowledge, emerging influences have not been reported in literature.
3. Inverse imaging problem
In the previous section we discussed the image formation process in aperture SNOMs by as-
suming non-interferometric measurements, i.e. only the intensity of the modes have been con-
sidered. To go beyond, we present in the following an algorithm to reconstruct the complete
vectorial electro-magnetic field from a phase resolved measurement of the two excited eigen-
modes. Such a measurement technique was developed during the last years and enables the
measurement of a polarization-resolved signal in both amplitude and phase by using a hetero-
dyne detection scheme [25]. The establishment of a heterodyne detection scheme for aperture
based scanning near field measurements led to outstanding results [5, 6, 17, 14, 26, 18, 7].
Polarization and phase resolved signal
It is natural to assume that the polarization- and phase-resolved measured signals correspond
to the excitation strengths of either the mainly x- or y-polarized mode tx,y(x,y) accessible in
the aperture according to Eqn. 1. Within the quasi-static-limit the recorded signals correspond
then either to a superposition of Ex,Hy or Ey,Hx (see Eqn. 4), being in agreement with results
presented in Ref. [5, 6]. Correspondingly, within a measurement the four transverse electro-
magnetic field components are obtained within the two polarization resolved signals. The dis-
crimination of the individual field components in a detected image is challenging and requires
a second set of equations or assumptions to resolve the discrepancy of an under-determined
system. This has already been shown by exploiting either an underlying symmetry, collection
properties of the probe, or a priori knowledge of the investigated field components [5, 6, 7, 27].
Here, we would like to discuss this issue in a more general way, by solving the inverse imaging
problem without prior knowledge about the structure or related symmetries. In the following,
the algorithmic approach to unravel the distinct field components will be presented.
In the following we only have one assumption. Once an eigenmode is excited at the apex, the
amplitude of the mode is not influenced by any coupling process while it propagates through
the fiber to a detector. Due to imperfections in an experimental setup, e.g. by fiber-bends, this
might not be guaranteed. A coupling between the orthogonal modes due to imperfections might
occur, causing a mixing of the individual detection paths. However, in reality the problem can
be experimentally solved by a prior calibration of the setup while investigating the transmission
of linearly polarized light. By independently inspecting linearly x- and y-polarized fields, the
Jones-Matrix of the SNOM can be determined. From the knowledge of these matrix-entries in
amplitude and phase, the polarization distortion introduced by weak disturbances within the
measurement system can be analysed. It is then possible to remove the distortions numerically
to infer on the actual quantities of interest. Eventually, such calibration allows direct access
to the complex, polarization resolved excitation coefficients according to Eqn. 1. With this
assumption we can continue to develop our field reconstruction algorithm.
Full vectorial field reconstruction
In the following, we present an algorithm to reconstruct the investigated field components from
a phase resolved measurement. By introducing the Fourier-transformation
h˜(k⊥) =F {h(r⊥)}= 12pi
∫
R2
h(r⊥)e−i(kxx+kyy)dr⊥
and its inverse
h(r⊥) =F−1
{
h˜(k⊥)
}
=
1
2pi
∫
R2
h˜(k⊥)ei(kxx+kyy)dk⊥,
Eqn.1 can be written in Fourier domain as
t˜x (k⊥) =
[
e˜−1 (k⊥) × H˜(k⊥)− E˜(k⊥) × h˜
−
1 (k⊥)
]
nz , (8)
t˜y (k⊥) =
[
e˜−2 (k⊥) × H˜(k⊥)− E˜(k⊥) × h˜
−
2 (k⊥)
]
nz .
Here quantities j˜(k⊥) are the Fourier-representations of the respective functions j(r⊥) in real
space. Equation 8 can be understood as an under-determined system of equations, where it is
intended to infer from the knowledge of the measured and Fourier transformed mode coeffi-
cients t˜x,y onto the 4 unknown investigated field components E˜x, E˜y, H˜x, H˜y in Fourier domain.
By exploiting free space Maxwell’s Equations in the angular frequency domain, this limitation
can be overcome and the apparent magnetic field components H˜x, H˜y can be equivalently ex-
pressed by the electric field components E˜x, E˜y. This results in a well determined system of
equations
t˜x = (γ3e˜−1x − γ1e˜−1y − h˜−1y)︸ ︷︷ ︸
M11
E˜x+(γ4e˜−1x − γ2e˜−1y + h˜−1x)︸ ︷︷ ︸
M12
E˜y,
t˜y = (γ3e˜−2x − γ1e˜−2y − h˜−2y)︸ ︷︷ ︸
M21
E˜x+(γ4e˜−2x − γ2e˜−2y + h˜−2x)︸ ︷︷ ︸
M22
E˜y, (9)
γ1 = − 1k0Z0
kykx
kz
, γ2 =− 1k0Z0
(
k2y
kz
+ kz
)
,
γ3 =
1
k0Z0
(
k2x
kz
+ kz
)
, γ4 =
1
k0Z0
kykx
kz
,
kz =
√(
2pi
λ
)2
− k2x − k2y .
The individual matrices Mik (k⊥) can be interpreted as the vectorial transfer-function of the
SNOM-tip. It determines not just the spatial resolution but also the achievable contrast. These
quantities are determined by the two fundamental modes accessible in the aperture.
The system of Eqns. 9 can be inverted independently for every transverse wave vector com-
ponent k⊥ resulting in the two independent field components E˜x (k⊥) and E˜y (k⊥) in Fourier-
representation. From these information the remaining four field components E˜z (k⊥), H˜x (k⊥),
H˜y (k⊥) and H˜z (k⊥) can be derived using Maxwell’s equations for the homogeneous free space.
By inversely Fourier transforming the independent field components the investigated field can
be reconstructed. The achievable resolution in the reconstructed investigated field components
is limited by the accessible spatial frequencies in the different Mik (k⊥).
This algorithm has the capability to fully reconstruct all vectorial components of the in-
vestigated field. This approach allows to extract information obtained by an aperture SNOM
measurement without a-priori knowledge and can provide the ability to give novel insights in
nano-optical research activities due to the ability to infer onto the complete vectorial informa-
tion from a measurement.
From the numerical point of view, the only problem concerns the different discretizations
of the investigated field and the modes supported by the aperture. Due to the nanoscopic di-
mensions of the aperture and the macroscopic extension of the investigated fields, the numer-
ical sampling is different and has to be unified to evaluate Eqn. 9. Due to the usual extreme
ratio of the two different scales, approaches like zero padding can cause difficult memory
issues and prevent the calculation of the investigated field components. To prevent the prob-
lem, chirp z-transformations can be used to unify the grids without causing memory problems
[38, 44, 45, 46].
4. Conclusion
In conclusion, we discussed the properties of the image formation and the inverse imaging
problem in aperture-based scanning near field optical microscopy. In particular, we assessed
the properties of aperture SNOM probes that lead to a dominant sensitivity to either the electric
or the magnetic field components in a detected image. We proved that these detection char-
acteristics are strongly linked to the properties of the modes sustained by the aperture of the
SNOM. These properties can be tailored by changing the geometry and material composition
of the probe. It constitutes the means to design probes that can detect specific field components
on demand. In particular, we proposed a specific probe that is either coated by aluminum or
gold that measures dominantly either the electric or magnetic field components at a specific
wavelength. In addition, we provided a methodology to solve the inverse imaging problem to
extract the complete vectorial field information from phase resolved measurements.
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A. Model
Here, we discuss in detail the coupling process of the investigated field components with the
modes supported by the aperture of the probe.
Due to the deep subwavelength size of the aperture, it supports only two propagative modes.
These are the mainly x- and mainly y-polarized states of the generalized HE11 - modes in the
aperture (see Fig. 2)[32, 33]. To conclude from the knowledge of these excitation strengths of
the aperture modes on an image that can be measured by a detector, not only the aperture but
also the complete measurement setup needs to be considered at the same time. We require here
that the excitation strengths of the aperture modes are not modified by any coupling process
with any other mode at a later stage of propagation through the system. This requires adiabatic
modifications to the geometry of the fiber, e.g. while being tapered or being bended. Then, the
modal amplitudes at the position of the detector are linearly related to the ones in the aperture.
The total power guided by the fiber to the detector is proportional to the absolute square of
the excitation strengths of the supported modes[34]. Generally, the power can be written as
P = ∑∞i=1 |ti detector |2, assuming orthogonal and power-normalized modes. In the considered case
solely two modes are excited which are linearly related to the ones in the aperture. It follows that
the guided power at the position of the detector can be written as P ∝ |tx aperture |2 + |ty aperture |2.
Consequently, we identify a detected image I via the guided power at the position of the
detector from the knowledge of the excitation strengths in the aperture as I = |tx aperture |2 +
|ty aperture |2.
These excitation strengths depend on the position of the probe relative to the sample. Con-
sequently, a detected image, when the probe scans the sample at constant height, should be
written as
I (x,y) = |tx(x,y)|2+ |ty(x,y)|2 . (10)
Here the excitation strengths of the mainly linearly polarized modes in the aperture were re-
named as tx,y := tx,y aperture . These amplitude coefficients correspond to the projection of the
investigated field onto the modes supported by the aperture. It follows, that the detected image
does not correspond to the investigated field components directly, than rather to the mentioned
projection.
Keeping in mind the assumptions that were made, this approach simplifies the complex prob-
lem of the image formation process in aperture SNOM to the question of understanding the
coupling process of the two fundamental modes accessible in the aperture excited by the ex-
ternally investigated field. This remaining problem can be regarded in terms of classical fiber
optics and is in direct analogy to the treatment of splicing and coupling losses in optical fibers.
The incident field will couple power into the two propagative modes in the aperture, but also
into the unbound radiation and the evanescent modes supported by the aperture. Additionally,
it also causes a partial reflection of the incident field. To extract the coupling coefficients of
the system, Maxwell’s interface problem has to be solved at the position of the aperture. How-
ever, only the excitation coefficients for the guided modes are important. They will be derived
in the following. In this derivation we assume monochromatic fields with a time dependency
proportional to e−iωt .
By formally introducing Dirac’s notation, the transverse electro-magnetic field of the mth
forward-propagating eigenmode in the aperture is denoted as |T+m〉, where m= 1,2 corresponds
to the mainly x- and mainly y-polarized mode of interest and any higher m stands for evanescent
and radiation modes. The Dirac notation should be understood in the sense of a 4-component
vector denoting the transverse mode profile as |M+m〉= [exm(x,y),eym(x,y),hxm(x,y),hym(x,y)]>,
that needs to be computed by any mode solving technique. Consequently, also the investigated
incident and reflected field is regarded as a superposition of eigenmodes in free space. In the
following we choose a plane waves basis, where every plane wave is written in Dirac-notation
as |P±k⊥〉. There, the ± sign either denotes forward (+) or backward (−) propagating waves.
These are the incident and the reflected fields, respectively. k⊥ stands for the unique transverse
wave vector of the plane wave k⊥ = (kx,ky)>.
The interface problem, describing the coupling of the investigated field to the modes sup-
ported by the aperture, requires continuity of all tangential field components at the aperture
E freespace⊥ (x,y,z = 0)
!
= E aperture⊥ (x,y,z = 0) (analogous for the magnetic fields H⊥). This can
be written as follows∫
R2
ik⊥ |P+k⊥〉︸ ︷︷ ︸
incident field
+
∫
R2
rk⊥ |P−k⊥〉︸ ︷︷ ︸
reflected field
=
∫
∑ tm |T+m〉︸ ︷︷ ︸
excited aperture modes
, (11)
where
∫
∑ symbolizes the discrete sum of the finite number of bound modes together with the
integration of the infinite number of radiation modes in the system.
Equation 11 is fundamental describing any coupling problem between any two structures
and their supported eigenmodes. Beneficially, Eqn. 11 can be solved by exploiting the unique
properties of the modes that are governed by an unconjugated reciprocity [47, 34]. An inner
product can be defined as
〈ψm|ψn〉=
∫
R2
[em×hn− en×hm]nz dxdy (12)
in between the supported eigenmodes of the structures, where nz is the unity vector in z-
direction. The orthogonality relation for modes of the same eigenmodal system reads as
〈ψ+m |ψ−n 〉= α 2m δmn , 〈ψ+m |ψ+n 〉= 0 ,
〈ψ−m |ψ+n 〉=−α 2m δmn , 〈ψ−m |ψ−n 〉= 0 ,
with αm to be the normalization factor. On the base of this inner product, Eqn. 11 can be
solved self-consistently requiring the explicit knowledge about the limited number of bound
modes but also on the unlimited number of unbound radiation modes. The inclusion of the
infinitely extended radiation modes on a numerically truncated grid is unfeasible. Therefore,
further truncations depending upon the system to be investigated are required.
In the considered case of image formation in collection-mode aperture SNOM, the neglection
of the reflection in Eqn. 11 is a reasonable assumption. This approximation can be considered
as the first order perturbation theoretical approach to describe the system. Due to the deep
subwavelength dimensions of the aperture of the tip the reflective response of the tip is weak and
has a wide spectral bandwith in the angular plane wave spectrum, justifying the assumptions
made. It corresponds to the assumption that the field to be measured is not perturbed by the
tip of the SNOM. This assumption was mentioned in Ref. [7] to be mostly valid in practical
situations.
By neglecting the reflection in Eqn. 11, the problem reduces to the expansion of the investi-
gated field into the modes supported by the aperture. The explicit representation of the inves-
tigated field in the plane wave basis is no longer necessary and thus the incident field E(x,y),
H(x,y) will be renamed in Dirac-notation as | EH 〉. For the description of the image formation
process the interest lies on the excitation strengths of the two propagative fundamental modes
in the aperture. These excitation strengths can be calculated by projecting the modes of the
aperture onto the investigated field tx,y(x,y) = 〈T−1,2| EH 〉. A detected image thus is described
using Eqn. 10 by
I (x,y) =
∣∣∣∣∫
R2
[e−1 (x˜− x, y˜− y)×H(x˜, y˜)−E(x˜, y˜)×h−1 (x˜− x, y˜− y)]nz dx˜dy˜
∣∣∣∣2+ (13)∣∣∣∣∫
R2
[e−2 (x˜− x, y˜− y)×H(x˜, y˜)−E(x˜, y˜)×h−2 (x˜− x, y˜− y)]nz dx˜dy˜
∣∣∣∣2 ,
where E(x˜, y˜) and H(x˜, y˜) are the investigated field components at the position of the tip and
e−1,2(x˜, y˜), h
−
1,2(x˜, y˜) are the mode profiles of the two associated backward propagating mainly x-
and y- polarized modes in the aperture and (x,y)T defines the position of the tip. This result is
in close analogy to the more general ones presented in Ref. [9]. There, the eigenmodal-fields in
our case are substituted with the reciprocal fields obtained by evaluating two scenarios fulfilling
the requirements of reciprocity.
